Magnetotransport effects in polar versus non-polar SrTiOs based heterostructures 
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Anisotropic magnetoresistance and negative magnetoresistance for in-plane fields are compared for 
the LaAlOa/SrTiOs interface and the symmetric Nb-doped SrTiOa heterostructure. Both effects 
are exceptionally strong in LaAlOa/SrTiOs. We analyze their temperature, magnetic field and gate 
voltage dependencies and find them to arise from a Rashba type spin-orbit coupling with magnetic 
scatterers that have two contributions to their potential: spin exchange and Coulomb interaction. 
Atomic spin-orbit coupling is sufficient to explain the small effects observed in Nb-doped SrTiOs. 
These results clarify contradicting transport interpretations in SrTiOa-based heterostructures. 
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The interface between oxides can exhibit electronic 
properties that are substantially different from those of 
its constituting materials [1]. The most studied example 
is the conducting interface formed between SrTiOs and 
LaAlOs 0, which exhibits superconductivity [3] with a 
tunable critical temperature [4]. Various probes showed 
evidence for magnetic effects at the interface: hystere- 
sis in the magnetoresistance at low temperatures Q , 
SQUID magnetometry |7] showed ferromagnetic response 
for samples deposited at high oxygen pressure, and re- 
cently scanning SQUID microscopy ^ and torque mag- 
netometry measurements suggested the coexistence 
of superconductivity and ferromagnetism. Theoretical 
model explaining this coexistence has been proposed [lo| . 
It has been found that the magnetic state is not re- 
lated to itinerant electrons but to localized moments 
that are independent of carrier concentration Mag- 
netic moments were not observed in SrTiOa/Nb-doped 
SrTiOa/SrTiOs (Nb/SrTiOs) heterostructures suggest- 
ing that magnetism is related to the polar discontinu- 
ity characterizing LaAlOs/SrTiQ^, or to a strong elec- 
tric field applied at the surface 12 , [l^ . Another view 
based on studies of La-doped SrTiOa system is that mag- 
netism in SrTiOs based systems appears at high carrier 
concentrations [l^ . 

While the superconducting state has a conspicuous sig- 
nature in transport measurements, such a signature for 
the magnetic state remains illusive. M. Ben Shalom et 
al. showed that a strong magnetoresistance anisotropy 
is observed together with superconductivity. They inter- 
preted their data in terms of anisotropic spin scattering 
resulting from magnetic ordering together with a strong 
spin-orbit interaction 1^ 16 1 . This spin-orbit interaction 
was measured using its effect on the transport properties 
in the normal and in the superconducting state [17|] and 
in the weak localization regime [18]. Furthermore, Seri 
and Klein suggested that the anomalous behavior of the 
Hall signal is a result of a field induced magnetism [l^ . 

There are various SrTiOs based systems that exhibit 
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FIG. 1: Color on-line (a) Sheet resistance of 
LaAlOa/SrTiOs (Sample 1) and Nb/SrTiOa as a function 
of magnetic field for the various carrier concentrations n 
denoted in units of 10^'' cm~^ and varied using back-gate 
voltage, (b) The sheet resistance at 2 K versus n for the 
two types of samples. (c) The mobility inferred from (b) as a 
function of n. 



properties of a two dimensional electron gas 12, 13, 20l - 
25[. Of these systems Nb/SrTiOs has the most sym- 
metric structure, it also lacks polarization existing in 
the other systems. It is therefore worth to carefully 
compare the anisotropy of the transport properties of 
Nb/SrTiOa and LaAlOg/SrTiOa . 

Superconductivity and spin-orbit interaction in 
Nb/SrTiOa were studied by M. Kim et al. 
They found that the upper critical field exceeds the 
Clogston-Chandrasekhar limit with values similar to 
LaAlOs/SrTiOa. They suggested that the spin-orbit 
interaction plays an important role also in Nb/SrTiOa, 
thus raising questions on a purely Rashba type spin-orbit 



2 



coupling model for the various systems. 

In the study we present here, we compare the magne- 
toresistance and anisotropic magnetoresistance (AMR) 
in the two dimensional electron gas in heterostructures 
of Nb/SrTiOa and LaAlOa/SrTiOs. The large negative 
magnetoresistance observed for in-plane magnetic fields 
(nPMR) in LaAlOa/SrTiOg is absent in Nb/SrTiOa for 
the carrier densities under study. We show that the 
AMR observed when rotating the in-plane magnetic field 
with respect to the current direction and the nPMR arise 
from the same mechanism. From the sign and magnitude 
of the AMR effect we conclude that polarized magnetic 
scatterers and a Rashba type spin-orbit interaction are 
responsible for this effect. This scattering process is ab- 
sent in the symmetric structure of Nb/SrTiOa where a 
smaller and opposite in sign effect is seen. 

Thin films of LaAlOa were deposited by a pulsed laser 
on atomically fiat SrTiOs substrates with : 6, 8 and 10 
unit cells respectively. The oxygen pressure during the 
deposition was maintained at 10"'* Torr and the temper- 
ature was 785 °C. The deposition was followed by a two- 
hour annealing stage at oxygen pressure of 0.2 Torr and a 
temperature of 500° C. The thickness of the LaAlOa layer 
was monitored by reflection high-energy electron diffrac- 
tion. The sam ples were patterned into narrow strips or 
into Hah bars A Nb/SrTiOa sample with 1% Nb 
6.7 nm thick with 100 nm SrTiOs buffer and capping 
layers was deposited as described elsewhere 28| . A layer 
of gold was evaporated at the bottom of the sample and 
used as a gate when biased to ±100 V relative to the 
2DEG. Contacts to the LaAlOs/SrTiOa samples were 
made by drilling holes through the LaAlOa layer using 
ion irradiation followed by sputtering Ti/Al or Ti/Au 
pads. 

We have previously showed that in the presence of a 
large parallel magnetic field a small perpendicular com- 
ponent can result in a dramatic increase in resistance 
[16| . A small deviation from exact parallel position (e.g. 
due to a wobble in the rotator probe) can therefore have 
a strong undesired effect on the data. In order to avoid 
this spurious effect we simultaneously measured two per- 
pendicular bridges on the same substrate and made sure 
that all reported effects are phase shifted by 90° between 
the two bridges. For example for current running along 
the [110] direction we had another bridge with current 
running along the [110] direction. 

In Fig[T^ we compare the sheet resistance versus mag- 
netic field curves for LaAlOg/SrTiOs andNb/SrTiOg at 
2 K. Here the magnetic field is applied perpendicu- 
lar to the conducting plane. The carrier concentration 
is varied by the gate voltage and estimated from the 
high field slope of the Hall resistance {fioH >12 T). 
For LaAlOa/SrTiOs the typical dependence of longi- 
tudinal and Hall resistivity on gate and temperature 
is observed [2^. The dependencies of the sheet resis- 
tance and mobility as a function of carrier concentra- 
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FIG. 2: (Color on-line) Upper panel: Magnetoresistance 
comparison between magnetic field applied perpendicular 
to the plane swept between -14 to 14 T (blue triangles) 
and rotation in a constant field of 14 T thus varying the 
perpendicular component (red circles) for Nb/SrTiOs and 
LaAlOa/SrTiOs (Sample 1) at 2 K. Negative magnetoresis- 
tance is observed only for LaAlOs/SrTiOa . Lower panel: 
Anisotropic magnetoresistance for in-plane field of 18 T ro- 
tated with respect to the current direction at 20 mK. Large 
positive AMR is observed for LaAlOs/SrTiOs . A smaller 
effect is observed for Nb/SrTiOa with an opposite sign. 



tion are shown in FigUlD. The first significant difference 
between Nb/SrTiOs and LaAlOs/SrTiOa is revealed 
when applying a magnetic field component parallel to 
the plane. In Fig. 2 (upper panel) we show two data sets 
for each sample: triangles are data taken while sweep- 
ing the magnetic field perpendicular to the conducting 
plane. The circles represent data taken while holding 
a constant magnetic field of 14 T and changing the an- 
gle 6 between the field and the plane. The sheet resis- 
tance is plotted against the perpendicular field ampli- 
tude (component) for the field sweep (rotation) exper- 
iments. While for the LaAlOs/SrTiOa a strong pro- 
nounced negative magnetoresistance is seen when a sig- 
nificant parallel field component is present, such a com- 
ponent contributes a merely small positive magnetoresis- 
tance for the Nb/SrTiOa sample. For example, H±=0 
for the circles corresponds to 14 T applied parallel to the 
plane resulting in a positive magnetoresistance for the 
Nb/SrTiOa and a strong negative magnetoresistance for 
LaAlOs/SrTiOa. The small in- plane positive magnetore- 
sistance in Nb/SrTiOa is a result of the 90° angle be- 
tween the in-plane field and the current. The absence 
of nPMR in Nb/SrTiOa holds for all carrier concentra- 
tions studied here and is one of the key findings reported 
in this Letter. 

Rotating the in-plane magnetic field with respect to 
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FIG. 3: Color on-line (a) The anisotropic magnetoresistance 
normalized to its mean value (Sample 1), ^^"^ as a function 
of (j) the angle between the current and the magnetic field (18 
T) at 20 mK in polar representation. Data are presented for 
two carrier concentrations (controlled by the gate voltage) 
circles n = 1.8 x 10^^ cm~^ blue squares n = 1.3 x 10^^ 
cm~^ the solid lines are fits to cos^(<^) (b) The transverse 
voltage signal normalized to the mean longitudinal voltage 
{Vxx) in (a). This planar Hall signal is shifted by 45° relative 
to the longitudinal signal as expected. Solid lines are fits to 
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FIG. 4: Color on-line. Upper panel AMR amplitude; 
ARamr = (J'^^\J'jj/2 ^ function of temperature. Lower 
panel: AMR amplitude as a function of the zero field resis- 
tance controlled by gate voltage for various samples: Green 
squares (Sample 1) are data taken at 20 mK and 18 T for 
current along [100]. Red circles (Sample 2) and blue stars 
(Sample 3) are data taken at 2 K and 14 T for bridges along 
[110] (red) and [100] (blue), (see also supplementary part). 

the current unravels another important difference be- 
tween Nb/SrTiOs and LaAlOa/SrTiOg. The AMR am- 
plitude, ARamr — ' large and positive for 

LaAlOs/SrTiOs (i.e. maximum resistance for H\\J and 
minimum for i7_L J with J being the current density). By 
contrast, for Nb/SrTiOs it is very small and negative. 



FIG. 5: Color on-line (a) nPMR effect ^ — — as a function 

of magnetic field (Sample 3) for two gate voltages at 2 K. (b) 
AMR versus the nPMR for the same gate voltages. We note 
that the two effects scale. 

Anisotropy in the longitudinal conductivity (such as 
the AMR) should result in a planar Hall signal. In this 
configuration the transverse voltage signal is measured 
for in-plane fields as a function of the angle between the 
field and current. This signal should be phase shifted by 
45° compared to the longitudinal AMR [30| ■ 

In Fig. 3a we show the AMR for two gate voltages in 
polar representation. Note that the angular dependence 
follows cos^ (f) with (p the angle between the current and 
the field. The corresponding planar Hall effect (PHE) is 
shown in Fig.Sb. The fact that the AMR and PHE signal 
are observed with the proper phase shift of 45° and with 
an amplitude ratio of 1/2 ensures that the anisotropy is 
an intrinsic property, unrelated to a spurious measure- 
ment artifact. 

In Fig. 4a we study the temperature dependence of the 
AMR. The AMR disappears at --30 K for all gate volt- 
ages. This is the temperature above which the nPMR dis- 
appears, consistent with our previous observations jlij . 
The fact that both AMR and the nPMR vanish at the 
same temperature suggests that they are two expressions 
of the same scattering mechanism. 

The amplitude of the AMR is shown versus the sheet 
resistance in Fig. 4b. for three different samples in the 
maximal accessible field. Here we use the sheet resistance 
as a useful parameter (monotonic with carrier concentra- 
tion) for comparison of different samples. We note that 
no significant difference in the AMR amplitude is ob- 
served when the current direction is along [110] or [100] 
(See supplementary information for more details). This 
suggests that the most important parameter affecting the 
AMR is the angle between the current and field. We em- 
phasize that standard defects cannot result in such strong 
variation in AMR amplitude with gate: from a few per- 
cent at low carrier concentration to 85%. 

The final evidence that the nPMR and AMR originate 
from the same scattering mechanism is found from their 
field dependence as demonstrated in Fig. 5. We show two 
data sets of high and low carrier concentrations for the 
same sample. The nPMR exhibits very different field 
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dependence (Left hand panel) for these two concentra- 
tions. Furthermore, for the high carrier concentration 
the field dependence of the nPMR has a few character- 
istic features: starting with a flat re gion followed by a 
steep descent and a saturation regime [17|. Nevertheless, 
the amplitude of the AMR tracks this behavior. The two 
effects have similar field dependence up to a numerical 
coefficient. This is clear from Fig. 5b. where we plot the 
amplitude of the AMR versus the nPMR for the above 
gate voltages. Indeed a linear dependence is obtained. 

Since both nPMR and AMR effects exhibit the same 
temperature and magnetic field dependencies for vari- 
ous carrier concentrations they must arise from the same 
scattering mechanism. This key observation allows us to 
focus on the mechanism responsible for the AMR and 
thus the other magnetotransport effects. 

Three possible mechanisms for the AMR have been 
proposed 3l|: a. anisotropic Fermi velocities coupled to 
a finite magnetization through the spin-orbit interaction, 
b. spin-orbit coupled magnetically polarized carriers with 
isotropic scattering centers, and c. anisotropic magnetic 
scattering centers acting on unpolarized spin-orbit cou- 
pled carriers. Mechanisms a. and b. usually result in a 
smaller AMR effect since the magnetization and the spin- 
orbit interaction compete with each other. This is not 
the case in mechanism c. where the magnetization and 
the spin orbit interaction do not exist in the same band 
states, thus allowing fully polarized scatterers despite the 
strong spin-orbit interaction. The unusually large AMR 
(up to 85%) suggests that the dominant mechanism in 
LaAlOs/SrTiOs is mechanism c. 

The nature of the scattering centers in mechanism c. 
can be either purely magnetic (only spin exchange) or 
electro-magnetic (combined with the Coulomb interac- 
tion). Large AMR can be observed only if the Fermi 
energy, Ej? is much smaller than the spin-orbit interac- 
tion for the first case. Calculations for the case of electro- 
magnetic scatterers show that the AMR amplitude can be 
very large (twice as large as for the pure magnetic case) 
even for a spin-orbit interaction smaller than . In this 
case the amplitude of the AMR strongly depends on the 
ratio between the electric and the magnetic parts of the 
scattering potential, with a sharp maximum at the point 
where this ratio becomes unity. The origin of this large 
AMR is a destructive interference between the magnetic 
and the non-magnetic back-scattering amplitudes [32]. 

As can be seen in Fig. 4b the AMR is large for a broad 
range of concentrations and sheet resistances. Since in 
LaAlOs/SrTiOs the spin-orbit interaction is of the order 
of Ef, the scattering potential should include an electric 
part. This suggests that localized charges act as both 
electric and magnetic scattering centers and the maxi- 
mum AMR should not necessarily coincide with the max- 
imum of spin-orbit interaction. Upon changing the gate 
voltage we identify the maximum in AMR as the point 
where the magnetic and electric scattering amplitude ra- 



tio becomes of the order one. Moving away from this 
point will alter this ratio by either screening the electric 
scattering or by moving the wave function away from the 
interface and consequently reduce the coupling between 
the magnetic scatterers and the conduction electrons. 

A more detailed description of our system should in- 
clude the way the spin-orbit interaction changes with car- 
rier concentration. In addition, as the carrier density in- 
creases the dyz and dxz bands become populated and the 



anisotropy of the band mass may become important [33 1 . 

Spin-orbit interaction at the atomic level without cou- 
pling the band momentum to the spin is not expected to 
result in AMR. Large AMR amplitude is expected if the 
Rashba or the Drcsselhaus effects take place. However, 
the sign of the AMR is positive, i.e. maximum resistance 
for magnetic field parallel to the current for the Rashba 
and negative for the Dresselhous one [sl] . This allows us 
to conclude that the main contribution to the AMR in 
LaAlOs/SrTiOa comes from the Rashba effect. 

For Nb/SrTiOa large spin-orbit coupling has been 
suggested based on the large Hc2 parallel magnetic field 
needed to quench superconductivity [26| . However, in 
this case the AMR is very small and negative. We there- 
fore explain the large Hc2 observed by M. Kim et al. as 
a result of atomic spin-orbit interaction ^3] ■ The small 
negative AMR can be a result of a finite thickness of the 
confinement zone 16[. For Nb/SrTiOa at the carrier 



concentration studied, both magnetism and the Rashba 
term do not play a significant role in transport. 

A negative contribution to the AMR can be seen in 
LaAlOa/SrTiO^ at low temperatures for large carrier 



concentrations . 



16j In these concentrations the AMR de- 
viates from the simple cos^((/)) and becomes sharp. This 
effect is seen both for current running along [100] and 
[110] directions. It is therefore less likely to be related to 
a crystalline magnetic anisotropy. 

In summary, we show that anisotropic magnetoresis- 
tance (AMR) and planar Hall effect are observed in 
LaAlOs/SrTiOa when rotating the magnetic field in- 
plane with respect to the current. We show that the 
AMR scales with the in-plane negative magnetoresis- 
tance (nPMR). This suggests that both effects arise from 
the same spin scattering mechanism combined with a 
strong spin-orbit interaction. Importantly, the AMR is 
very small and negative and the nPMR is absent in the 
non-polar symmetric structure of Nb-doped SrTiOs for 
the carrier range under study. Since the AMR has simi- 
lar amplitudes for current flowing along different crystal- 
lographic directions: J||[110] or J||[100], the important 
parameter governing it is the angle between field and 
current. The sign of the effect in LaAlOa/SrTiOs shows 
that the spin-orbit interaction involved in the scattering 
process is of the Rashba type. This is not the case in 
Nb/SrTiOa where atomic spin-orbit interaction is suf- 
ficient to explain the small effects observed. The large 
magnitude of the AMR effect in the polar structure is ex- 
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plained by a scattering potential with two components: 
spin exchange and Coulomb interaction. The ratio be- 
tween these contributions varies with gate voltage, which 
results in a strong gate dependence. The fact that mo- 
bile carriers and the magnetic moments do not occupy 
the same band state may allow coexistence of supercon- 
ductivity and magnetism. 
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